GSPI and GSP2 genes. We have constructed yeast strains that overproduce either wild-type Gspl or a form of Gspl with glycine-21 converted to valine (Gspl-G21V), which we show stabilizes the GTP-bound form. Cells producing Gspl-G21V have defects in localization of nuclear proteins; nuclear proteins accumulate in the cytoplasm following galactose induction of Gspl-G21V. Similarly, cells producing Gspl-G21V retain poly(A)+ RNA in their nuclei. These findings suggest that hydrolysis of GTP by Ran/TC4 is necessary for proper import of proteins into the nucleus and appearance of poly(A)+ RNA in the cytoplasm.
Movement of proteins and RNAs across the nuclear envelope via the nuclear pores is rapid, specific, and highly regulated. Proteins destined for the nucleoplasm often contain short stretches of amino acids, termed nuclear localization sequences (NLSs) , that are sufficient to direct them to the nucleus (reviewed in ref. 1) . Protein movement to the nucleus occurs in at least two steps; binding at the cytoplasmic face of the nuclear pore complex is followed by ATP-dependent transport through the nuclear pore channel (2, 3) . Proteins that recognize NLSs and that may mediate the binding step have been identified (reviewed in ref. 4) . Some proteins of the nuclear pore complex have been shown to be necessary for proper transport (reviewed in refs. 5 and 6) .
Less is known about exit of macromolecules from the nucleus. Experiments with microinjected RNAs indicate that exit from the nucleus is an energy-dependent, facilitated process that occurs at the nuclear pore (7) . Some mRNAs leave the nucleus in direct association with proteins (8, 9) . Some RNA-binding proteins shuttle in and out of the nucleus and have been proposed as candidates for such mRNA carrier proteins (10) .
Recent studies have demonstrated a role for a Ras-like GTP-binding protein, Ran/TC4 (11, 12) , in nuclear protein import in vitro. Experiments using cell-free systems have demonstrated a requirement for soluble cytosolic proteins for proper nuclear protein import (13) (14) (15) (16) . Ran/TC4 was shown to be a key factor for nuclear protein uptake in semi-intact liver cells (17, 18) . Ran/TC4 can be found in both the nucleus and the cytoplasm (19) . When in the nucleus it is bound to RCC1, a protein that stimulates guanine nucleotide exchange by Ran/TC4 (20) .
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RCC1 has been shown to be important for RNA metabolism and, in particular, for export of RNA from the nucleus (21, 22) . Yeast and mammalian cells containing conditional mutations in RCC1 accumulate nuclear poly(A)+ RNA at the nonpermissive temperature, consistent with a block in mRNA export or a step preceding mRNA export, such as release from the RNA processing machinery. RCC1 is primarily nuclear, binds DNA, and has been proposed to participate in regulation of the cell cycle via chromosome condensation (23, 24) .
The yeast genes PRP20, GSPI, and GSP2 encode homologues of RCC1 and Ran/TC4 (25) (26) (27) . GSP1 and GSP2 were identified by high-copy suppression of prp20 '5 mutants. [The same two genes were also identified by their homology to Ran/TC4 and were independently named CNRl and CNR2 (22) . Here the terms GSP1 and GSP2 will be used.] GSP1 is essential for normal cell growth; GSP2 is dispensable.
In this study, we The URA3, GAL] promoter plasmid encoding NLS-fgalactosidase was described before (30) . Preparation of Gspl Protein and Measurement of GTPase Activity. Yeast cultures of cells bearing plasmid PGAL-GST-GSP1 or PGAL-GST-GSP1-G21V were grown in 2% raffinose to an OD6wo of 2. Extracts were prepared 2 hr after addition of 2% galactose by glass-bead lysis (16) 5 ,uCi/ml for 20 min at 24°C. The resin was washed three times with buffer 2 and aliquoted on ice. Triplicate samples were incubated with gentle shaking for up to 6 hr at 24°C. After three washes with cold buffer 2, the radioactivity remaining bound to the resin was determined by scintillation counting. GTP hydrolysis rates were calculated after correction for loss of GTP due to exchange and/or dissociation, which is reflected by the loss of bound
The levels of Gspl and the identity of the GST fusion proteins were verified by immunoblotting using antibodies against GST (Santa Cruz Biotechnology, Santa Cruz, CA) and/or Gspl, with the enhanced chemiluminescence (ECL) detection kit of Amersham. GST-Gspl protein was isolated from glutathione-Sepharose according to 1, 3, and 5 ) or pGAL-GST-GSP1-G21V (lanes 2, 4, and 6) were grown in raffinose cultures (lanes 1 and 2) or shifted for 2 hr to 2% galactose (lanes 3-6). Cell extracts (lanes 1-6) or purified GST-Gspl fusion protein (lane 7) were analyzed by SDS/ PAGE and immunoblotting with mouse monoclonal anti-GST antibodies (lanes 1-4) or rabbit anti-Gspl antibodies (lanes 5-7). (B) GST fusion proteins with wild-type (o) or mutant (0) Gspl were bound to glutathione-Sepharose and tested for GTPase activity as described in Material and Methods. The proteins were complexed to [-y-32P]GTP and unbound GTP was removed. The remaining radioactivity bound to protein was determined over the indicated time at 24°C. otherwise wild-type yeast cells was previously shown to have a dominant lethal effect on cell growth (27) .
We estimated the amount of Gspl in cells as 0.5% of total soluble protein by comparison of the amount of Gspl in lysates of wild-type cells to known amounts of isolated GST-Gspl (see below) on immunoblots. When plasmid-containing cells were shifted to galactose, wild-type Gspl and Gspl-G21V were produced at levels of about 4-fold and 2-fold higher than endogenous Gspl as determined by immunoblot analysis with anti-Gspl antibodies (Fig. 1A) . Cells expressing either Gspl or Gspl-G21V grew normally on glucose medium (where the GALl promoter is repressed). On the other hand, cells producing Gspl-G21V grew poorly on galactose (Fig. iB) . In liquid culture, following a shift to galactose, these cells continued to grow normally for about 4 hr, after which growth began to slow (Fig. 1C) .
To analyze the ability of Gspl to hydrolyze GTP, we constructed plasmids that encoded all of GST fused to all of Gspl and Gspl-G21V at the N terminus and that contained either the strong bacterial tac promoter or the yeast GALl promoter. When these plasmid-borne genes were expressed in bacteria, GST-Gspl and GST-Gspl-G21V proteins were produced (data not shown). Unfortunately, neither could be extracted from cell lysates in active form, whereas similar fusion proteins containing GST fused to human Ran/TC4 could (S. Richards and I. Macara, personal communication). On the other hand, both proteins were expressed in a galactose-dependent manner in yeast, were soluble, and could be purified by binding to glutathione-Sepharose (Fig. 2A) . The ability of GST-Gspl and GST-Gspl-G21V to hydrolyze GTP was tested. After 6 hr at 24°C, wild-type GST-Gspl showed about 50% hydrolysis whereas no GTPase activity was observed for the mutant protein (Fig. 2B ). Similar slow rates of catalysis have been reported for Ran/TC4 (36) , and the GTPase activity of Ran/TC4 is also compromised by a similar mutation (S. Richards and I. Macara, personal communication).
Cells producing the Gspl-G21V mutant do not properly localize nuclear proteins. After a 3-hr shift to galactose, the localization of a normally nuclear RNA-binding protein, Npl3, was unchanged in cells overexpressing wild-type Gspl; all of the protein was located in the nucleus as determined by immunofluorescence (Fig. 3 A-C) . In contrast, "50% of the cells overexpressing Gspl-G21V showed Npl3 in both the nucleus and the cytoplasm (Fig. 3 D-F) . Cytoplasmic localization was observed as soon as 90 min after a shift to galactose.
To examine the affect of Gspl on newly synthesized nuclear proteins, we transformed cells with a second plasmid encoding either a Myc epitope-tagged version of Npl3 (Npl3-Myc), or a fusion protein containing the histone H2B NLS fused to ,B-galactosidase (NLS-,B-galactosidase), both also under the control of the inducible GAL] promoter. The synthesis of these normally nuclear-targeted reporter proteins was induced at the same time as that of Gspl and Gspl-G21V. After a 3-hr shift to galactose both Npl3-Myc and NLS-,B-galactosidase were localized only to the nucleus in cells overexpressing wild-type Gspl, as determined by immunofluorescence with anti-Myc (Fig. 3 G-I ) and anti-3-galactosidase antibodies (Fig.   3 M-O) . In contrast, cytoplasmic Npl3-Myc (Fig. 3 J-L) and NLS-03-galactosidase (Fig. 3 P-R ) accumulated in the cells that simultaneously overexpressed Gspl-G21V. Mislocalization to the cytoplasm occurred in up to 80% of the cells. Overproduction of other proteins such as Npl3 itself and histone H2B do not disrupt nuclear localization even though their presence at high levels slows cell growth in a manner similar to Gspl-G21V. Likewise, production of similarly high levels of another GTP-binding protein, Cdc42, and its GTP-bound form had no effect on nuclear protein localization (data not shown).
Mislocalization of nuclear proteins to the cytoplasm was also observed directly in unfixed cells overexpressing Gspl-G21V. A fusion protein containing all of histone H2B1 fused to the naturally green fluorescent protein (H2B1-GFP) under control of the GAL] promoter was made in galactose-grown yeast. Subcellular distribution was determined by direct observation of cells with the fluorescence microscope. Thus, no fixation or antibody treatment was required to localize this protein. After a 3-hr shift to galactose, H2B1-GFP remained in the nucleus in cells overexpressing Gspl (Fig. 4 A and B) . However, cytoplasmic H2B1-GFP was observed after 3 hr of galactosedependent induction of Gspl-G21V (Fig. 4 C and D) .
Cells producing Gspl-G21V also did not show proper accumulation of poly(A)+ RNA in the cytoplasm. The distribution of poly(A)+ RNA was determined by in situ hybridization with a digoxigenin-labeled (dT)50 probe. In cells overexpressing wild-type Gspl grown for 3 hr in galactose medium (Fig. 5 A-C) , poly(A)+ RNA appeared to be distributed throughout the cytoplasm, consistent with normal export of mRNA from the nucleus. In contrast, cells overexpressing Gspl-G21V showed most of the poly(A)+ RNA concentrated in the nucleus in about 50% of the cells at 3 hr [53 out of a field of 104 cells showed nuclear accumulation of poly(A)+ RNA] (Fig. 5 G-I) . The same cells grown in glucose medium (and thus not expressing Gspl-G21V) showed normal cytoplasmic distribution of poly(A)+ RNA (Fig. 5 D-F) . The hybridization of the probe was dependent on RNA, since treatment with RNase eliminated the signal (Fig. 5 J-L) .
DISCUSSION
We have shown that when wild-type yeast cells contain the GTP-bound form of the Ran/TC4 homologue Gspl, movement of macromolecules across the nuclear envelope is disrupted in vivo. Proteins that are normally found in the nucleus accumulate in the cytoplasm. Poly(A)+ RNA that is normally cytoplasmic accumulates in the nucleus, suggesting a block in its export from the nucleus.
Experiments with cell-free systems suggested a direct role for Ran/TC4 in nuclear protein import (17, 18 (20) . Yeast containing temperature-sensitive mutations in PRP20 also show defects in mRNA export (21, 22) , much like those we have observed for cells bearing Gspl-G21V. There are several possibilities for how Ran/TC4 could be involved in protein import and RNA export. Ran/TC4 and RCC1 might be mechanistically involved in the processes directly (37) , by analogy to the functioning of Rab proteins in vesicle fusion and secretion (41) . In this model, proteins and/or RNAs would be targeted to their correct destination in concert with the GTP-bound form of Ran/TC4. Hydrolysis and/or exchange of GDP for GTP would then be required for release of the transported molecule in the correct location. In a second model, blocking uptake of nuclear proteins might result in factors essential for RNA export to accumulate in the cytoplasm, resulting in a concomitant block of appearance of cytoplasmic RNA. A third possibility is that retention of poly(A)+ RNA in the nucleus could be unrelated to transport through the poreper se. Instead, the RNA could be trapped in condensed chromatin or altered nuclear structures induced by the presence of the mutant form of Gspl.
Our results do not exclude the possibility that Ran/TC4 and RCC1 also serve to couple nuclear events with the control of cell growth. High levels of transport into and out of the nucleus and other Ran/RCC1 regulated functions, such as chromosome condensation and DNA replication, occur only in dividing cells (38, 39 
